Molybdenum is the only second row transition element known to be important in biology. It is required for the catalytic activity of a number of important enzymes found in bacteria, animals and plants (1) . Molybdenum enzymes, with the notable exception of the nitrogenase system, contain Mo coordinated to one or two dithiolene groups from pyranopterin molecules, and to a variable number of ligands such as oxo, hydroxo, water, serine, aspartic acid, cysteines, and selenocysteines (2) . The nitrogenase system has one of the most complex arrangements of heterometallic active sites, the FeMoco-cofactor. This center contains one [4Fe-3S] and [1Mo-3Fe-3S] bridged by three inorganic sulfurs and a ligand whose nature (C, N, or O) is still a matter of discussion. The molybdenum is hexacoordinated by two oxygen atoms from a homocitrate molecule, one nitrogen from a His residue and three inorganic sulfurs bridging the Mo atom to the three Fe (3) (4) (5) . Another type of molybdenum protein is the orange protein from DesulfoVibrio gigas that contains an approximately linear mixed metal sulfide cluster [S 2 MoS 2 CuS 2 - MoS 2 ] 3- (6, 7) . The function of this protein is still unknown, but there is evidence suggesting that it could be involved in changes in lifestyle from syntrophic to sulfate reducer (8) .
Mo in the environment is available for the cells in the form of molybdate compounds and therefore can be incorporated in Mo-proteins through mechanisms for Mo transport, homeostasis and molybdenum cofactor biosynthesis. In Escherichia coli the modABCD operon codes for the high affinity molybdate uptake system related to an ATP-binding cassette (ABC) transporter motif, in which modA, modB and modC encode a molybdate-periplasmic binding protein (a molbindin protein), a membrane channel forming protein (permease) and an ATP energizer, respectively. modD encodes a 231 amino acid protein of unknown function (9) (10) (11) . The ModE protein, encoded by a separated gene, is a transcriptional regulator that functions as a molybdate sensor and regulates transcription of several operons including modABCD (12, 13) .
Molybdate-binding proteins coded by the mo-locus are responsible for cofactor biosynthesis of the mononuclear Mo enzymes. These proteins (Mod/Mop proteins) contain mol-bindin-like domains that bind tetrahedral molybdate through hydrogen bonds, as sulfate in sulfate-binding proteins. Aside from the ModABC proteins, the Azotobacter Vinelandii genome codifies for ModG which is able to bind up to 8 Mo atoms (14) . A. Vinelandii also possesses a different molybdenum protein called Mo storage protein which is functionally related to nitrogen fixation and supplies nitrogenase enzymatic system with Mo. This protein is able to store at least 90 Mo atoms per protein and EXAFS 1 data support the presence of a Mo-oxide aggregate structurally related to heptamolybdate (15) .
Although the DesulfoVibrio genus possesses several molybdenum enzymes and the complete genomes sequenced so far predict the presence of modABC operon (16) , there are no reports characterizing the systems involved in Mo uptake and regulation. Sulfate reducing bacteria use sulfate as terminal electron acceptor for respiration. Since molybdate is a sulfate analogue, high molybdate concentrations result in molybdate binding to ATP sulfurylase preventing sulfate activation and thereby inhibiting the respiratory chain (17) . Thus, similarly to other transition metals, high concentrations of Mo are damaging for cells and bacteria need to carefully control the level of available metal.
In this paper we report the characterization of a new protein from D. alaskensis containing a novel heterometallic MoFe cluster. This protein represents the first system associated with molybdenum response in sulfate reducing bacteria. Since its expression responds to Mo we have called it molybdenum response associated protein (MorP). (Merck) to a final metal concentration of 45 µM. Late log phase cells were harvested by centrifugation (7000g for 15 min at 4°C) and the pellet resuspended to a cell density of 1 g of cells (wet weight) per mL of buffer (10 mM Tris-HCI pH 7.6). The cell suspension was then subjected to 4 freeze-thaw cycles and centrifuged at 7000g for 40 min to obtain a soluble extract. Finally, the electrophoretic pattern for each condition was analyzed by 15% tricine SDS-PAGE. Gels were stained with Coomassie blue.
EXPERIMENTAL PROCEDURES
In the case of Mo, several Na 2 MoO 4 · 2H 2 O concentrations were added to medium C (0.5, 2.0, 5.0, 10, 20, and 45 µM) and cellular extracts were prepared as explained above.
Protein Identification by MALDI-TOF Mass Spectrometry.
For protein identification, stained protein-bands were cut off the gel and in-gel digested by trypsin. Peptide mass fingerprint analysis was performed using matrix assisted laser desorption/ionization time-of-flight mass as previously described (19) .
3. Purification Procedures. D. alaskensis cells grown in medium C (300 L) supplemented with 45 µM of Mo were collected at the end of logarithmic phase by centrifugation at 8000g for 15 min at 4°C (Beckman Avanti J-25 centrifuge). Enriched periplasmic fraction was obtained following protocol described by Brondino et al. (20) . Pellet of cells was resuspended in 10 mM Tris-HCl buffer and incubated for 1 h at 4°C. Cell-free extracts were obtained by centrifugation at 5000g for 40 min. The supernatant was collected, dialyzed overnight against 10 mM Tris-HCl and loaded onto an anionic exchange column (DEAE 52 cellulose, Whatman 5 × 45 cm) equilibrated with the same buffer. The fraction containing MorP was collected in the flowthrough. The next chromatographic step was performed on hydroxylapatite (HTP) column equilibrated with the same buffer. Proteins were eluted using a KH 2 PO 4 /K 2 HPO 4 buffer gradient (5-500 mM). MorP protein was eluted at 150 mM and judged pure by SDS-PAGE. All the purification procedures were performed aerobically at 4°C and buffers were all adjusted at pH 7.6. The protein purity after each step was followed by UV-visible spectroscopy and 15% tricine SDS-PAGE.
4. Protein, Metal and Labile Sulfide Quantification. Quantification of protein was carried out using Bicinchoninic Acid Kit (Sigma) with bovine serum albumin as standard protein.
The presence of Co, Ni, Zn, Mo, W, Cu and Fe was tested by inductively coupled plasma emission analysis in a JobinYvon (Ultima) instrument using the Reagecom 23 ICP multielements as standard solution in a concentration range from 0.05 to 6 ppm.
Labile sulfide was determined according to the modified method of Fogo (21) . Sodium sulfide nonahydrate quantified by iodometric titration was used as standard.
Molecular Mass Determination and Subunit
Composition. The molecular mass of the as-isolated protein was determined by gel filtration chromatography using a Superdex 200 column (1 × 30 cm) (Pharmacia) equilibrated in 50 mM potassium phosphate, 150 mM NaCl (pH 7.6) with a flow rate of 0.5 mL/min. A volume of 200 µL of protein or standard was applied. The standards were aprotinin (6.5 kDa), cytochrome c (12.4 kDa), ovalbumin (47.2 kDa), aldolase (158 kDa), catalase (232 kDa) and ferritin (440 kDa) from Amersham Pharmacia.
Molecular weight of MorP protein subunits was determined using a matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometer equipped with a nitrogen laser radiating at 337 nm (Applied Biosystems, Foster City, USA, model voyager DE-PRO biospectrometry workstation). A volume of 10 µL of salt free sample containing approximately 10 pmol of protein was mixed with 10 µL of matrix solution (10 mg of R-cyano-4-hydroxycinnamicacid dissolved in 1 mL of H 2 O/acetonitrile/TFA). Then, 1 µL of sample was spotted and analyzed. Three external calibrations were performed using apomyoglobin, aldolase and bovine serum albumin with m/z 16952, 39223 and 66469, respectively. Two primers were designed according to D. desulfuricans G20 ZraP encoding gene (Table 1) . Direct PCR of boiled cell suspensions allowed rapid amplification of the DNA fragment codifying MorP. Briefly, a 1 mL aliquot of D. alaskensis cells was washed and resuspended in 50 µL of TE buffer (Tris-HCl 10 mM, 1 mM EDTA, pH 7.6). Then, the cell suspension was kept in a boiling water bath for 5 min, followed by centrifugation at 10 000 rpm for 5 min. Volumes of 1 and 2 µL of supernatant were used as DNA template. High fidelity Taq (Expand High Fidelity PCR System from Roche) was used for the amplification reaction. The PCR program for DNA amplification was the following: 2 min denaturation at 94°C, and 30 cycles of 30 s at 94°C, followed by 1 min at 66°C and 1 min 30 s at 72°C for DNA extension. After these cycles the mixture was incubated for 7 min at 72°C, and cooled down to 4°C. The temperature of the lid was 105°C. A fragment of approximately 1 kbp was obtained and purified using QIAquick extraction kit (Qiagen). The DNA fragments were directly sequenced using an ABI3700 DNA analyzer (Perkin-Elmer/Applied Biosystems, Stabvida, Oerias, Portugal).
BLASTp (22) was used for sequence database searching, and CLUSTAL-W (23) was used to generate multiple sequencealignments.PromScan(http://www.promscan.uklinux-.net) was used to scan DNA sequences for potential σ 54 RNA polymerase binding sites (24) .
7. QuantitatiVe Real Time PCR. D. desulfuricans G20 was grown in medium C (18) supplemented or not with 6.5 µM ammonium molybdate ((Mo 7 )(NH 4 ) 6 O 24 · 4H 2 O) in an anaerobic COY chamber (gas atmosphere H 2 10%, N 2 90%) at 32°C. After 12 h of culture, 25 mL total volume, from three independent cultures, was centrifuged at 4°C for 20 min at 5500g and the pellet was used for RNA preparation. The same procedure was done for cultures grown with 45 µM copper sulfate.
Total RNAs were isolated using High Pure RNA kit from Roche. RNA quality was checked by electrophoresis on agarose gel and the absence of DNA contamination was confirmed by PCR. RNA quantification was performed spectrophotometrically. cDNA synthesis was performed as follows. 10 µM total RNA and 3 µg of random primers (Invitrogen) were first mixed, heated at 70°C for 3 min and placed on ice until the addition of the cDNA synthesis mix (50 mM Tris-HCl pH 8.3, 40 mM KCl, 6 mM MgCl 2 , 10 mM DTT, 0.3 mM dNTPs). The reaction mix (30 µL) was incubated for 5 min at 25°C prior to the addition of 300 units of Superscript II Reverse transcriptase (Invitrogen). The mix was first incubated for 5 min at 25°C followed by 1 h incubation at 42°C. The reaction was stopped by heat inactivation (15 min at 70°C). Afterward, cDNA was purified by filtration on Microcon YM-30 (Millipore) and resuspended in 100 µL of ultrapure water. cDNA was further used for either PCR or quantitative real-time PCR (qRT-PCR).
Amplification and quantification of the cDNAs were performed with the LightCycler Real-Time PCR System (Roche) (a thermal cycler platform with fluorescence detection system for gene quantification) using the LightCycler FastStart DNA master plus SYBR greenI kit (Roche), according to the manufacturer instructions. Primers were designed to specifically amplify a portion of each targeted gene. Primers sequences are described in table 1. All amplifications were performed in triplicates using 0.5 µL of cDNA in each reaction. The LightCycler was programmed for an initial step at 95°C for 8 min, followed by 45 thermal cycles at 95°C for 15 s, 55°C for 15 s and 72°C for 20 s. The specificities of accumulated products were verified by melting-curve analysis. Relative Expression Solftware Tool (REST) was used to calculate the relative expression of each gene in each condition (25) , using the 16S RNA gene as reference for normalization.
XAS Data Collection and Analysis.
Purified samples of MorP in Tris-HCl 100 mM buffer (pH 7.6) were transferred to Lucite sample cuvettes and frozen in liquid nitrogen. XAS measurements were carried out at the Stanford Synchrotron Radiation Laboratory (SSRL Stanford, CA) on beamline 9-3 using a Si(220) double crystal monochromator and Rh-coated silicon mirrors for focusing and harmonic rejection, with the storage ring SPEAR containing 90-100 mA at 3.0 GeV. The incident and transmitted X-ray intensities were measured using nitrogen-(Fe K-edge XAS) or argon-filled ionization chambers (Mo K-edge XAS). During data collection, the sample was maintained at 10 K using an Oxford Instruments liquid helium flow cryostat. The X-ray absorption spectra were measured as the Fe KR or Mo KR X-ray fluorescence excitation spectra using a 30-element Ge detector (Canberra Ind.). The spectrum of iron or molybdenum metal foil was recorded simultaneously with each scan. Energy calibration was by reference to the lowest energy Fe K-or Mo K-edge inflection point of the standard foil, which was assumed to be 7111.3 and 20003.9 eV, respectively. The extended X-ray absorption fine structure (EXAFS) data were quantitatively analyzed by curve fitting using the EXAFSPAK suite of computer programs (http://ssrl.slac-.stanford.edu/exafspak.html). Ab initio theoretical extended phase and amplitude fractions were calculated using FEFF, version 8.25 (26) .
Density Functional Theory Geometry Optimization of Mo-2S-[2Fe-2S]-2S-Mo
Cluster. Geometry optimization of the cluster was performed at the spin unrestricted generalized gradient approximation level (GGA) with the Becke-Perdew (BP) functional (27) of density functional theory (DFT) using . For all atoms double numerical plus d-functions basis sets (DND) and real space cutoff of 4.4 Å, and all-electron relativistic core potentials were used. No symmetry constraints were applied. Fe(II) and Mo(VI) oxidation states were assumed, resulting in an overall charge for the cluster of -4. The effects of water solvation were simulated by using the conductor-like screening model (28) .
RESULTS

A NoVel Mo-Fe Protein Is Produced by D. alaskensis When Cells Are Grown in Medium Supplemented with Mo.
A few proteins have been isolated and characterized from D. alaskensis cultured in medium C. Among these proteins are aldehyde oxide reductase and the W-and Mo-formate dehydrogenases which were isolated from the cells grown in lactate-sulfate medium (20, 29) . Quantification of Cu, Fe, Mo and W in medium C showed that these metals, with exception of Fe, are present in trace amounts (data not shown). Growing D. alaskensis in medium supplemented with Mo induced a visible change in the electrophoretic pattern of the soluble extract denoted by the large abundance of a new protein of approximately 15 kDa. Because the production of this protein was largely increased in the presence of Mo we refer to it as "molybdenum response associated protein" or MorP. In order to isolate MorP for further biochemical characterization, a two step purification protocol was performed. The protein did not bind to the first anionic exchange column, which is in agreement with the isoelectric point (pI 9.24) predicted from amino acid sequence. The UV-visible spectrum of MorP-containing fraction revealed the presence of heme-containing proteins as contaminants which were separated using a HTP column. Although after this step the protein was in a high purity grade as judged by electrophoresis (inset in Figure 1 ), the UV-visible spectrum of MorP showed a minor band at 409 nm corresponding to a hemic protein (less than 10% of the total protein). In order to obtain a higher purity grade of MorP, several tests were performed. Size-exclusion gel chromatography was tested using either different ionic strengths (50 mM sodium phosphate and 50-450 mM NaCl) or pHs (range from 6 to 9). Ionic exchange chromatography (MonoQ and Resource Q, GE Healthcare) were also tested without success. This purification protocol yielded about 1.7 mg of pure protein/L of cell culture. The UV-visible absorption spectrum of the as-isolated MorP shows absorption bands around 280, 320, 409 and 570 nm (Figure 1 ) with an A 280 /A 570 ratio of 3.5. The extinction coefficients for the pure protein in Tris-HCl 50 mM buffer (pH 7.6) are ε 280 ) 18700, ε 320 ) 12800, and ε 570 ) 5000 M Figure 2 shows the molybdenum K near-edge spectrum of MorP. The near-edge spectra are sensitive to electronic structure of the metal center. The overall shape of the MorP spectrum resembles that of [S 2 MoFeS 2 Cl 2 ] 2-indicating some structural similarities between those two Mo centers ( Figure  2 ). Both Mo near-edge spectra have a pre-edge feature at about 20008 eV, which is however more pronounced for the MorP spectrum. This so-called oxo-edge feature is characteristic of a species possessing ModO groups (or to a lesser extent ModS) and is attributed to a Mo 1s f ModO π* transition (26, 30, 31) . The intensity of the oxo-edge feature is also related to the number of ModO ligands (32) . Thus, the observed difference in the "oxo-edge" feature intensity argues for the presence of a ModO ligand in MorP. In addition, the edge position of the MorP spectrum overlaps with that of [ (33) (34) (35) (36) (Figure  2) . Moreover, the MorP near-edge spectrum has a 1s f 3d transition at 7112.4 eV, with similar position and intensity to that of the [2Fe-2S] cluster at 7112.5 eV (we estimate the error in determining peak positions to be ∼0.1 eV). This pre-edge feature is sensitive to the electronic structure of the iron, and may be used as an indicator of metal ion coordination number (37) . Furthermore, the Fe K-edge position of MorP is closer to that of reduced than of oxidized [2Fe-2S] cluster (not illustrated). Overall, the near-edge comparison indicates that the iron has similar local environment to that of [2Fe-2S] cluster and that its average iron oxidation state is probably lower than +3.
MorP Contains a Mo-2S-[2Fe-2S]-2S-Mo Cluster.
The Mo and Fe K-edge EXAFS spectra provide further insights into the metal ion coordination in MorP. Figure 3 shows the Fe and Mo K-edge k 3 -weighted EXAFS spectra, together with their respective best fits and corresponding Fourier transforms. The results of the EXAFS curve-fitting analysis are presented in Table 2 . The Mo K-edge EXAFS Fourier transform suggests that the EXAFS comprises five major interactions, giving rise to the transform peaks at R + ∆ ≈ 1.6, 1.9, 2.1, 2.4 and 2. Table 2 ). The Mo-O bond length of 2.02 Å may be assigned to either a hydroxyl or carboxylate ligand. Thus, the reasons for the partial occupancy of the oxygen ligand in MorP may be 2-fold. One could be a partial reduction of the MorP sample, i.e. conversion of the double-bonded oxo group to a hydroxyl ligand. Another possible explanation could be a presence of two different Mo sites in MorP, one with single oxo ligand and one with oxygen atom provided by an amino acid.
The Fourier transform of the Fe K-edge k 3 -weighted EXAFS data exhibits only two main peaks at ∼2.2 Å and at ∼2.6 Å (Figure 3 ). The first peak corresponds to iron-first shell ligand backscattering contributions, which was best modeled as four Fe-S interactions at 2.24 Å ( Table 2 ). This bond length is very similar to that found for [2Fe-2S] in small molecules in the Cambridge Structure database which give an overall average Fe-S bond length of 2.25 Å (40). Fe based on the Mo K-edge EXAFS analysis the second peak could be attributed to the Fe-Mo contribution. However, the EXAFS curve fitting using such a model resulted in significantly longer Fe-Mo distances than that obtained from the Mo K-edge EXAFS (2.79 Å vs 2.71 Å). Furthermore, the corresponding Debye-Waller factors were substantially mismatched (0.006 Å 2 vs 0.003 Å 2 ). These results prompted us to examine the possible presence of an additional metal-metal contribution at similar distance, which could potentially interfere destructively with the Fe-Mo signal. Similar EXAFS cancellation phenomena have previously been observed in a number of systems, for example cuprousthiolate clusters (41) . Here, the EXAFS from two components are close to 180°out of phase with each other and the EXAFS of these components wholly or partially cancel resulting in diminished amplitude. The presence of the Fe-Fe bond concomitantly with the Fe-Mo bond was tested, and its inclusion produced overall better fit (a reduction in the fit-error from 0.301 to 0.263, with an estimated contribution from noise in the data to the fit-error of ∼0.22). Furthermore, the refined Fe-Mo distance was quite consistent with Mo K-edge EXAFS (Table 2) . We note that some caution is always appropriate when investigating EXAFS cancelation (even if only a partial cancelation in this case). Thus, the parameters for the Fe-Mo and Fe-Fe are highly correlated in the refinement, and examination of the covariance matrix indicates that the two Debye-Waller factors are ∼80% correlated, indicating that these values should be considered approximate, and this is reflected in the estimated standard deviations given in Table 2 . In summary, the XAS results suggest a [2Fe-2S] cluster bridged to the Mo ion through two sulfur atoms.
Together, the XAS analysis and the Mo: Table 2 are represented by dashed lines. . To verify the stability of this newly constructed cluster we optimized its geometry using density functional theory (DFT) energy minimization. During the optimization process it was assumed that the overall charge of the cluster is -4 due to the oxidation state of Mo(VI) and Fe(II), consistent with the XAS results. The DFT calculations converged readily, indicating that the proposed cluster is chemically reasonable, and selected bond lengths from the energy-minimized structure are given in Table 2 . Alternative models were also tested using DFT, in particular employing bridging thiolates in place of the bridging sulfides between the two Fe atoms (not illustrated). In this case, DFT of a putative [(MoOS 3 ) 2 Fe 2 (S-Cys) 2 ] 2-cluster gave somewhat longer Fe-S(Cys) bond lengths (increased by ∼0.1 Å). [2Fe-2(SR)] clusters from the Cambridge crystal structure database indicate similar Fe-SR bond lengths. Such bond lengths would not readily be resolved from the other Fe-S distances by our EXAFS data, and would yield an overall longer average Fe-S bond length. However, the close correspondence with the expected Fe-S bond lengths argues against bridging thiolate coordination in the protein-bound cluster.
EPR spectra recorded for the isolated MorP samples shows a nearly isotropic signal (g ) 2.012) accounting for less than 0.1 spins per protein (Supporting Information, Figure 2) and most of the protein is in an EPR silent state. This indicates that the metal cluster is diamagnetic or an integer spin system. Upon reduction with sodium dithionite the isotropic signal disappears and a completely EPR silent spectra is obtained. No changes in the spectra are observed when the sample is oxidized with ferrycyanide. Table 2 shows the DFT-optimized bond lengths of the cluster. In general, the DFT computed distances agree reasonably well with those determined by EXAFS. For the ModO and Mo-Fe bonds slightly longer distances were obtained (by ∼0.08 Å). This, however, is not unexpected because of the well-known tendency of density functional methods to overestimate bond lengths, especially in the presence of the second-row elements such as Mo (43) .
Similarly to the [(MoO 2 S 2 ) 2 Fe 2 S 2 ] 4-cluster, the DFT optimized structure revealed an almost linear arrangement of Fe and Mo atoms (with Mo · · · Fe · · · Fe angle of 177°). Consequently, the long distance EXAFS contribution would be expected, giving rise to a small peak in the Mo and Fe EXAFS Fourier transform at about 5.4 Å. However, no such feature is observed (Figure 3) indicating the distortion of the linear arrangement of Mo and Fe atoms in MorP.
Analysis of the MorP Sequence Shows Homology with Zinc Resistance Associated Proteins from DesulfoVibrio
Genus. A BlastP search revealed that the N-terminal amino acid sequence of purified MorP from D. alaskensis (GPYGH GYGHR GGYGG MGSGG GAAVC PFGGS GPGGQ AA) shows 97.3% of identity with a putative zinc resistanceassociated protein deduced from D. desulfuricans G20 genome (www.tigr.org). This high sequence homology is due to the fact that D. alaskensis and D. desulfuricans G20 may be subspecies or the same species (44, 45) but different strains. Owing to this, the DNA fragment containing the open reading frame codifying MorP was amplified using primers designed from the available D. desulfuricans G20 DNA sequence. The DNA fragment obtained (1102 bp) shows 99.4% of identity with the corresponding genes from D. desulfuricans G20. Analysis of the DNA sequence shows a putative ribosomal binding site (RBS) motif, AAGG, located 20 bp upstream of the ATG codon and a putative σ 54 promoter (ATGGCACGCCTGTTGCT) with a 98 score. A blast search of the deduced amino acid sequence of MorP shows 40% of identity with a putative ZraP present in D. Vulgaris Hildenborough genome ( Figure 5 ). The analysis of the deduced amino acid sequence of MorP shows that the protein is constituted by 172 residues with the first 24 amino acids corresponding to a periplasmic signal peptide. In agreement with the mass spectrometry results, the molecular weight calculated for the mature protein was 15321.25 Da.
The analysis of D. desulfuricans G20 genome shows that a two component system is located upstream of ZraP (Dde_0111). In these systems the first component functions as a sensor (Dde_0110) and the second is a response regulator (Dde_0109). This gene cluster was also observed in the upstream region of the homologous gene (DVU3384) in D. Vulgaris Hildenborough (Figure 6 ). In order to determine the Mo concentration that induces a significant increase in the protein production of MorP, the electrophoretic pattern of the periplasmic fraction of cells grown in a medium supplemented with different molybdate concentrations was analyzed. Figure 8 shows an intense band corresponding to MorP when cells were grown with more than 5 µM molybdate.
MorP Expression Is Induced by
To confirm the increase in expression at a transcriptional level qRT-PCR was performed on D. desulfuricans G20 grown in medium C supplemented with either 45 µM molybdenum or copper. The results show that the expression of the gene coding for MorP is strongly induced (168-fold) by the presence of molybdenum. The MorP expression was also up-regulated by copper but at a much lower extent (5 times). Since the gene coding for MorP could be regulated by a two component system similar to that of the ZraP in E.
coli (46) , we looked at the expression of the putative regulator. As for morP gene, Dde_0109 was up-regulated (34 times) when cells were cultured in the presence of Mo. belonging to the molbindin family of proteins, are wellknown systems able to bind up to 8 Mo atoms. These proteins contain a distinct molybdate binding domain of 69 amino acids which is a feature of the molbindin family (48) . Although MorP appears to be involved in Mo homeostasis, its biochemical properties show that it is not included in the molbindin family. In fact, amino acid sequence analysis revealed neither the presence of the molbindin domain nor any conserved motifs known to bind metal ions.
DISCUSSION
Both EXAFS results and metal quantification data allowed us to propose the Mo-2S-[2Fe-2S]-2S-Mo cluster shown in Figure 4 . The cluster presents a [2Fe-2S] arrangement similar to that observed in Anabaena ferredoxin (33) (34) (35) (36) but with each iron symmetrically bridged to 1 Mo atom by two inorganic sulfurs. The synthetic chemistry of Mo and Fe sulfide cluster has been well investigated. However, most of the reported species are high nuclearity Mo-Fe-S clusters (51, 52) , which are of interest as potential synthetic precursors to the MoFe 7 S 9 cofactor cluster of nitrogenase (3) (4) (5) . A "linear" tetranuclear cluster [(MoO 2 S 2 ) 2 Fe 2 S 2 ]
4-similar to the one contained in MorP was described in literature resulting from the anaerobic aqueous reaction of Fe 2+ and MoO 4-x S x 2-(x ) 2-4) (42). The UV-visible spectrum of this synthetic cluster shows bands around 510, 350 and 290, which are similar to that obtained for MorP. The model constructed based on this cluster was in good agreement with the distances calculated by DFT suggesting that the two Fe atoms in the Mo-2S-[2Fe-2S]-2S-Mo cluster are likely bridged by two sulfides, and not by sulfurs from cysteine or methionine residues. Although the latter scenario cannot be completely ruled out based solely on the XAS analysis, it is important to note that there are no recognizable metal binding motifs in the amino acid sequence. The only cysteine residue (C49) present in MorP aminoacid sequence from D. alaskensis and D. desulfuricans G20 (probably different strains from the same species) is not conserved in D. Vulgaris Hildenborough ( Figure 5 ). The conserved methionines at the C-terminal (M175, and M176) could be good candidates for cluster binding, however these residues are not conserved in homologous proteins isolated from D. gigas and D. aminophilus (Moura et al., unpublished results) .
The analysis of the D. desulfuricans G20 and D. Vulgaris Hildenborough genomes shows that MorP protein homologues are predicted as zinc resistance associated proteins (ZraP) regulated by a two component system called ZraRS (Figure 6) . In E. coli, two component signal transduction is the primary signal transduction mechanism used to conduct global regulation of cells responses to changes in the environment. High concentrations of Zn 2+ and Pb 2+ specifically induce ZraP expression and also autogenously activate the zraS/R expression (46, 53) . The increase of morP gene expression by Mo supplementation and the analysis of the genes present in the surrounding area suggest that MorP is part of the same kind of metal resistance system but regulated by Mo. Accordingly, quantitative real time PCR experiments on D. desulfuricans G20 show that expression level of the putative regulator, morR, is also extremely increased by Mo induction (34-fold) supporting the idea that morP gene is regulated by the two component system located just upstream in the genome. Supplementation of the medium with Cu also increases morP expression but at much lower levels than Mo. The lower response to Cu could indicate less specificity of the sensor to this metal compared to Mo. Other reasons for this fact could be either the lower Cu ions availability (copper precipitates as copper sulfide) or the higher stress levels induced by copper when compared with the same molybdate concentrations for D. alaskensis species (revealed by growth inhibition (54)).
E. coli has at least three independent molybdate transport systems: a specific transport system coded by the mod gene cluster, the sulfate transport system, and a nonspecific transport system (13) . The specific transport system coded by the modABC operon is induced only under molybdate starvation and is repressed in presence of molybdate by the ModE-molybdate complex (12, (45) (46) (47) . Several studies have shown that, at high molybdenum concentration, cells incorporate the metal by the other two machineries (13) . Despite that several Mo-proteins have been characterized in sulfate reducing bacteria, there are no reports addressing Mo homeostasis. An analysis of the D. desulfuricans G20 genome shows that mod genes are also present in this organism (13) suggesting that cells incorporate Mo by similar transport systems. By analogy with E. coli, it can be supposed that despite that mod genes are repressed at high molybdenum concentration, the metal ions continue to enter cells by other systems. Therefore, MorP could be a periplasmic protein involved in Mo tolerance. However, the fact that a homologous protein in D. Vulgaris Hildenborough (DVU3384) is up-regulated by oxidative stress (55) and that morP expression also responds to Cu in the culture medium could suggest that this two component system not only is involved in Mo tolerance but also can be activated by other changes in the environmental conditions. Nevertheless, a reasonable functional hypothesis for this system responding to increasing of Mo concentrations is the classical view of two component regulated systems. This hypothesis proposes that MorS (the histidine protein kinase) senses the increasing of Mo in the medium and undergoes autophosphorylation at a conserved His residue creating a highly reactive phosphoryl group that is transferred to a residue, probably a conserved Asp on MorR (the response regulator protein), which is a protein of the σ54 type. A putative σ54 promoter was identified in the upstream coding sequence of MorP, with a score higher than that for E. coli ZraP σ54 promoter, 98 and 88.6, respectively (56) . The regulator then activates the expression of the morP gene and MorP containing an identified signal peptide is driven from cytoplasm to periplasm where it can sequester Mo forming the Mo-Fe cluster described above.
In summary, in this work a new metalloprotein containing a novel Mo-Fe cluster that cannot be included in any of the families of molybdenum proteins described so far is presented. Moreover, the expression of the gene encoding MorP is significantly increased by Mo and is regulated by a two component system. Further studies are necessary to confirm the role of this protein in cell metabolism and the specificity of the response to changes in environmental conditions.
